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  Abstract: Flow velocity is one of the most significant hydraulic parameters directly 19 
connected to sediment transport-deposition processes. Four soils were collected from 20 
north to south of the Loess Plateau, namely Sandy Loess (SL), Loessial Soil (LS), Heilu 21 
Soil (HS) and Anthrosol Soil (AS), to examine the impacts of soil property on mean 22 
flow velocity in both interrill and rill flows under different simulated rainfall 23 
experiments. The mean velocity of interrill flow (MVIF) followed the order of LS > HS 24 
≈ AS > SL at 90 mm h-1 rainfall intensity and LS > HS > AS > SL at 120 mm h-1 rainfall 25 
intensity. The mean velocity of rill flow (MVRF) decreased as LS ≈ HS > AS at 90 mm 26 
h-1 and LS ≈ HS > AS > SL at 120 mm h-1. The order of MVIF and MVRF on four soil 27 
slopes is determined by the relations of runoff discharge, Darcy-Weisbach friction factor 28 
in interrill area (fI) and rills (fR), which are closely related to soil properties. Soil 29 
properties also changed the effects of rainfall intensity on flow velocities in different 30 
erosion stages, resulting in the increasing trend of MVIF on SL, HS and AS slopes and 31 
the decreasing trend of MVIF on LS slope with the increase of rainfall intensity. 32 
Moreover, soil properties may change the variations of MVIF and MVRF with the 33 
increase of slope gradient, by altering the relations of sealing progress and slope effect. 34 
The slope effect determined the increasing trend of MVIF with the increase of slope 35 
gradients. However, the sealing progress may offset the slope effect and cause the 36 
decrease of MVIF on the critical slopes, and the critical slope decreased from the north 37 
(20o and 25 o) to the south (15o). The equal roles of rill bed roughness and slope effect 38 
caused the unchanged of MVRFon LS and HS slopes, while rill bed roughness 39 
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1. Introduction  44 
Soil erosion process includes detachment and transport of soil materials by erosive 45 
agents, which is closely related to rainfall kinetic energy, flow hydraulics, soil 46 
erodibility and their interactions (Bryan, 2000). Flow velocity is a significant parameter 47 
in both interrill and rill erosion (Guo et al., 2013;). Many flow hydraulic variables, for 48 
instance, Darcy-Weisbach friction factor (f) of overland flow, Manning roughness 49 
coefficient (n) of channel flow, Reynolds number (Re), Froude number (Fr), hydraulic 50 
shear stress (τ) and stream power (ω) are all calculated and determined by flow velocity 51 
(Guo et al., 2013; Stefano et al., 2018). Flow velocity is also directly linked to sediment 52 
transport-deposition process and has significant impacts on soil loss and rill 53 
development on slopes (Tian et al., 2017). Shen et al. (2016) indicated that rill erosion 54 
was sensitive to rill flow velocity and stream power.   55 
Flowvelocity is susceptible to many factors, such as rainfall condition and slope 56 
gradient (Tian et al., 2017; Stefano et al., 2018). The complex interactions of surface 57 
roughness, flow depth and raindrop impact may result in the differences of flow 58 
velocities between rills and interrill areas (Tian et al., 2017). Many previous studies 59 
discussed the impacts of raindrop and slope gradient on soil detachment and runoff 60 
disturbance, which would lead to a variation of flow velocity (Römkens et al., 2001; 61 
An et al., 2010). An et al. (2010) indicated that raindrop impact enhanced flow 62 
turbulence to increase flow velocity, and the flow instability could change the flow 63 
velocity. So far, there are debates about the slope gradient impacts on flow velocity and 64 
roughness in rills (Nearing et al., 1997; Stefano et al., 2018). Flow velocity was found 65 
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to increase with slope gradient by Foster et al. (1984), whereas Govers (1992) suggested 66 
that rill flow velocity tended to be independent of slope gradient, because the variation 67 
of bed morphology may increase bed roughness to reduce flow velocity. The effect of 68 
slope on flow velocity may be compensated by increasing erosion and bed roughness in 69 
rills on steeper slopes (Torri et al., 2012).  70 
Soil property  impacts flow velocity directly by altering soil infiltration capacity, soil 71 
shear strength and detachment rates, and also influences flow velocity indirectly through 72 
the interactions of surface soil with water layer during erosion processes (Dunkerley, 73 
2004; Guo et al., 2013; Fang et al., 2014; Liu et al., 2015; Mahalder et al., 2018). Soil 74 
property is a key factor influencing runoff generation and soil erodibilty (Fang et al., 75 
2014). For example, soil particle size distribution, especially the aggregated particle size 76 
directly influenced soil detachment and transport processes (Rienzi et al., 2013). Soil 77 
texture and porosity across the surface also influenced water infiltration rate (Wang and 78 
Shi, 2015). The dispersion of clay particles in the soil led to the blockage of soil pores 79 
to reduce infiltration rate, and the increase of soil bulk density could increase the air 80 
pressure to decrease infiltration rate (Parker et al., 1995; Liu et al., 2015). Moreover, 81 
soil property determined soil surface microtopography, which significantly influenced 82 
flow velocity by making differences in both flows and infiltration rates between the 83 
lower area and higher area of soil surface (Dunkerley, 2004). Meanwhile, seal or crust 84 
is one of the important factors affecting the infiltration rate, hydraulic conditions and 85 
surface roughness (Bryan, 2000). Soil texture, such as the content of silt and clay, the 86 
sizes of aggregates, had influences on the formation and pattern of seal (Farres, 1978; 87 
Fang et al.,2014). It is also reported that the aggregate breakdown process may reduce 88 
the particle size and became a component of the surface sealing (Vaezi et al., 2017). 89 
Although numerous studies have investigated the features of infiltration, sealing and 90 
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surface roughness during erosion processes, however,  few studies have clarified the 91 
actual impacts of soil property on the flow velocity due to the complexity of 92 
interrelationships.  93 
As the key agricultural area in northwest China, the Loess Plateau has been suffering 94 
from serious erosion for decades, with more than half area being affected by water 95 
erosion (Wu et al., 2018). At the same time, soils in the Loess Plateau showed strong 96 
zonal distribution characteristics in particle sizes and properties, with a tendency of 97 
decreasing sand content (> 0.05 mm), an increasing clay content (<0.002 mm), and an 98 
increasing trend of soil organic matter (SOC) content from the northwest to southeast 99 
of the Loess Plateau (Li et al., 1985; Wang and Shi, 2015). Although numerous 100 
experiments have been carried out in the Loess Plateau to investigate the water erosion 101 
process and mechanism (Fang et al., 2014; Shen et al., 2016), it is still unclear how the 102 
soil properties changing in different zones affected flow velocity during surface erosion 103 
processes. Thus, the primary purpose of this article is to investigate the impacts of the 104 
soil properties on flow velocity in the Loess Plateau under different experimental 105 
conditions.   106 
2. Materials and methods  107 
2.1 Soil sampling  108 
According to the zonal classifications of soil in the Loess Plateau (Li et al., 1985), four 109 
soils were sampled in four zones from north to south across the Loess Plateau (Fig. 1). 110 
They are sandy loess (SL) from Suide County (37°31′ N, 110°16′ E) in the sand soil 111 
belt, loessial soil (LS) from Ansai County (36°58′ N, 109°20′ E) in the light soil belt, 112 
Heilu soil (HS) from Changwu County (35°12′ N, 107°47′ E) in the middle soil belt-II, 113 
and Anthrosol soil (AS) from Yangling County (34°16′ N, 108°4′ E) in the heavy soil 114 
belt. Farm land soils (20 cm) were collected and transported to the laboratory for the 115 
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experiments. The sand content of the collected soils decreased from 32.1% (SL) to 6.9% 116 
(AS), while the clay content increased from 12.1% (SL) to 26.3% (AS) from north to 117 
south of the Loess Plateau (Table 1). The mean weight-diameter (MWD) of aggregates 118 
after wet sieving of the four soils also increased from 0.04 (SL) to 0.36 (AS) mm. All 119 
soils were firstly air dried to stable moisture content at approximately 10% and then 120 
passed through a 10.0 mm sieve.  121 
<Fig. 1 is here>  122 
<Table 1 is here>  123 
2.2 Artificial rainfall experiments 124 
Laboratory experiments were conducted in the simulated rainfall laboratories of the 125 
State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, using 126 
artificial rainfall facilities. The height of the down-flow rainfall simulation system was 127 
set at 18 m to ensure the raindrops reach their final velocities as natural events. Tap 128 
water (conductivity at 0.7 dS·m-1) was used for all experiments. The rainfall intensities 129 
were set at 90 mm h-1 and 120 mm h-1, respectively, with durations of 60 min and 45 130 
min to obtain the equal rainfall amount of 90 mm. Electronic control system was applied 131 
to record the rainfall dynamics automatically. The equitability (> 90%) and the deviation 132 
(< 5%) were controlled to ensure the homogeneity of the artificial rainfall distribution.  133 
Movable steel boxes (5 m × 1 m × 0.5 m) were used for the experiments. The steel 134 
box is tiltable to set the slope gradient at 10o, 15o, 20o and 25o, respectively. Coarse sand 135 
was put into the first 10-cm in the bottom of the box to keep the slopes similar to the 136 
natural slopes. Also, bulk density was set at 1.13 g·cm-3 for SL, LS, AS and 1.25 g·cm-137 
3 for HS to ensure the consistency with field situations. Dried soil was weighed and 138 
packed into the steel box in six stages (5 cm each time) to ensure the soil bulk density. 139 
The coarse sand and the experimental soil were separated by the permeable fine gauze.  140 
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The erosion processes were recorded by two video cameras to observe the 141 
knickpoints and rills. Runoff samples were collected at 1 min intervals with 1.5 L 142 
cylinders at the outlet of the box. Here, the measured runoff discharge (QT) is the total 143 
discharge of the whole slope, including both the interrill runoff discharge (QI) and rill 144 
runoff discharge (QR). Sediment concentrations were measured using oven-drying 145 
(105oC) method after the deposition of the runoff samples. Experiments were repeated 146 
2 times. However, the experiments in LS and AS on 25o slope were unsuccessful due to 147 
the sudden collapse in the two sides of the slope.   148 
The maximum flow velocity was measured using the dye method (KMnO4) by 149 
recording the travel time of the dye flow through the distance of 0.5 m. Flow velocities 150 
were cyclically measured for sites at 1-m intervals, i.e.1 m, 2 m, 3 m and 4 m to the top 151 
of the box. Water temperature was measured using a normal thermometer. For 152 
comparison, the velocity data were measured simultaneously for interrill flow and rill 153 
flow. The dye method can only measure the maximum flow velocity. Therefore, the 154 
corrected flow velocity was derived by multiplying a correction factor (Zhang et al., 155 
2010). According to Wang and Shi (2015), the correction factor of 0.466 was chosen for 156 
interrill flow and 0.8 for rill flow. To reduce the side-effects of flow velocity changing 157 
with slope length, it was decided to calculate the average value of corrected flow 158 
velocities in interrill flow on different sites of one slope as the mean velocity of interrill 159 
flow (MVIF), and the average value of corrected flow velocities in rill flow on different 160 
sites of one slope as the mean velocity of rill flow (MVRF).  The depth of the runoff 161 
flow was also measured by the regular ruler when the flow velocity was measured.   162 
2.3 Hydraulic parameters  163 
According to Dunkerley (2004), Darcy-Weisbach friction factor (f) was calculated by 164 
equation (1)  165 
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                                                                   (1)  166 
where D is the mean flow depth (m), V is the mean flow velocity (m s-1), g is the 167 
acceleration due to gravity (m s-2), S is plot gradient (sine).   168 
2.4 Data analyses  169 
All statistical analyses were conducted using SPSS 22.0 software. Analysis of variance 170 
(ANOVA) was conducted to examine significant differences of flow velocities 171 
(rill/interrill) in four soils with different slope gradients and rainfall intensities. The 172 
method of least significant difference (LSD) procedure was used for the multiple 173 
comparisons at 95% confidence level, and the Paired-Samples Test was used for two-174 
group comparison. The correlation analysis was conducted by the Pearson correlation 175 
method.  176 
3. Results 177 
3.1 Flow velocity on soil slopes   178 
As shown in Fig. 2, MVIF ranged at 0.004-0.186 m s-1on SL slope, 0.039-0.349 m s-1on 179 
LS slope, 0.010-0.728 m s-1 on HS slope and 0.048-0.443 m s-1on AS slope, respectively. 180 
In comparison, MVRF varied at 0.070-0.377 m s-1on SL slope, 0.209-0.364 m s-1 on LS 181 
slope, 0.156-0.678 m s-1on HS slope and 0.105-0.400 m s-1on AS slope, respectively. 182 
The ranges of flow velocity are consistent with previous studies in the Loess Plateau 183 
(Wang and Shi, 2015).   184 
In this study, MVIF showed no significant differences between HS (from middle soil 185 
belt) and AS (from heavy soil belt) in the south part of the Loess Plateau when rainfall 186 
intensity was 90 mm h-1, decreasing as LS > HS ≈ AS > SL (Fig. 2a). Interestingly, the 187 
order of MVIF values also decreased as LS > HS > AS > SL (Fig. 2b) when rainfall 188 
intensity increased to 120 mm h-1. MVRF showed no significant differences between LS 189 
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(from light soil belt) and HS (from middle soil belt) soils in both two rainfall intensities, 190 
following the order of LS ≈ HS > AS at 90 mm h-1 (Fig. 2c) and LS ≈ HS > AS > SL at 191 
120 mm·h-1 (Fig. 2d). No rills occurred on SL slopes at 90 mm h-1 rainfall intensity.  192 
<Fig. 2 is here>  193 
3.2 Surface runoff discharge from soils 194 
As shown in Fig. 3, average runoff discharge in four soils showed increasing trend 195 
from north to south, due to increasing infiltration rate with the rising sand content and 196 
decreasing infiltration capacity with the rising clay and silt content (Koiter et al., 2017; 197 
Bullard et al., 2018). The MVIF under different treatments increased with average runoff 198 
discharge on soil slopes in the north part (SL and LS), but did not increase with the 199 
rising runoff discharge on HS and AS. In addition, MVRF under different treatments 200 
increased with the rising average runoff discharge, except for AS. Normally, mean flow 201 
velocity is determined by runoff discharge and effective flow depth, which are indirectly 202 
influenced by soil property through the interactions of surface soil with water layer 203 
during erosion processes, correlating with infiltration capacity and surface roughness 204 
(Dunkerley, 2004; Guo et al., 2013; Liu et al., 2015). It is noticeable that the discharge 205 
value in Fig. 3 is the total runoff discharge (QT) for both interrill flow (QI) and rill flow 206 
(QR), which may affect the relations of the measured discharge and mean flow velocities.   207 
<Fig. 3 is here>  208 
3.3 Darcy-Weisbach friction factor from different soils 209 
As shown in Fig. 4, both the calculated Darcy-Weisbach friction factor of interrill 210 
flow (fI) and rill flow (fR) showed the highest value on SL slope, the lowest value on LS 211 
slope and increased from HS to AS. Soil roughness is closely related to the soil texture 212 
and rainfall characteristics as well, which means that the response of roughness to soil 213 
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property is complicated due to the raindrop impacts as well as the rearrangement of 214 
sediment during rainfall events (Bedaiwy, 2007; Bullard et al., 2018).  215 
<Fig. 4 is here>  216 
3.4 Rainfall impacts on four soils  217 
  MVIF ranged at 0.010-0.728 m s-1 under 90 mm·h-1 rainfall and 0.004-0.583 m·s-1 218 
under 120 mm h-1 rainfall, respectively. There is a general increase of MVIF with rainfall 219 
intensities on soil slopes except for LS (Fig. 5a). Overall, the increasing rainfall intensity 220 
will increase flow discharge (Table 2) and supply more energy to disturb the runoff flow, 221 
thus increase flow velocity in the shallow overland flow (Bryan, 2000; Nearing et al., 222 
1999; Zhuang et al., 2018). However, the impacts of rainfall intensity on flow velocity 223 
changed with soil properties as well as erosion progresses, because the increasing 224 
rainfall intensity may increase runoff energy, which in turn enhances the interactions of 225 
surface soil with water layer (Liu et al., 2015).  226 
<Table 2 is here>  227 
Before the occurrence of knickpoint, the impacts of rainfall intensity on flow velocity 228 
are not significant in MVIF on soils from the north of the Loess Plateau (SL and LS). 229 
While, for soils HS and AS, MVIF in higher rainfall intensity was up to 1.14 times as 230 
that in lower rainfall intensity, showing significant differences with rainfall intensity 231 
(Fig. 5c).  232 
<Fig. 5 is here>  233 
During the erosion stage between the occurrence of knickpoint and rill, the impacts 234 
of rainfall intensity on MVIF are not significant on four soil slopes (Fig. 5d). In this 235 
stage, the knickpoints may increase the infiltration, surface roughness as well as storage 236 
capacity to offset the raindrop impacts by destroying soil sealing (Brunton and Bryan, 237 
2000; Römkens et al., 2001).  238 
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 After the occurrence of rill,  MVIF decreased with rainfall intensity on LS slope, 239 
increased with rainfall intensity on HS slope, and showed no significant differences on 240 
AS slope (Fig. 5e). MVIF in higher rainfall intensity was up to 1.17 times as that in 241 
lower rainfall intensity on HS slope.  242 
3.5 MVRF varied at 0.097-0.678 m s-1 during 90 mm h-1 rainfall and 0.007-0.400 243 
m s-1 during 120 mm h-1 rainfall, averaging at 0.199±0.003 m s-1 under 90 mm h-1 244 
rainfall and 0.206±0.004 m s-1 under 120 mm h-1 rainfall, respectively (Table 2). 245 
Due to the insignificant raindrop impacts on rills (Bryan, 2000; Romero et al., 246 
2007; Wirtz et al., 2012), MVRF showed no significant differences when rainfall 247 
intensity increased from 90 mm h-1 to 120 mm h-1, except for AS soil. MVRF 248 
showed significant increase (1.04 times) on AS slope, when rainfall intensity 249 
increased from 90 mm h-1 to 120 mm h-1 (Fig. 5b). Slope effects on rill and 250 
interrill flow 251 
Whether soil property may change the slope gradient effects on flow velocity is also 252 
debated in previous studies. Govers (1992) suggested that rill flow velocity is 253 
independent of slope gradient and soil properties. However, that conclusion is not 254 
supported by other researchers (Abrahams et al., 1996; Nearing et al., 1997). In this 255 
study, MVIF on SL slope fluctuated with slope gradient in both rainfall intensities, 256 
following the order of 10o < 20o < 25o ≈ 15o at 90 mm h-1 (Fig. 6a) and 10o ≈ 15o ≈ 20o < 257 
25o at 120 mm h-1 (Fig. 6b). The critical slope gradient is 20o and 25o at 90 mm h-1 on 258 
SL slope. MVIF on LS slope showed increasing trend with rising slope gradient in both 259 
rainfall intensities, following the order of 10o < 15o ≈ 20o < 25o under 90 mm h-1 (Fig. 260 
6c) and 10o < 15o < 20o under 120 mm h-1 (Fig. 6d). MVIF on HS slope did not change 261 
significantly with slope gradients at 90 mm h-1, ranging from 0.100±0.002 m s-1 to 262 
0.113±0.002 m s-1 (Fig. 6e). However, it ranged from 0.114±0.002 m s-1 to 0.139±0.004 263 
m s-1 at 120 mm h-1, with the highest value on 20o (Fig. 6f), the critical slope is 25o on 264 
HS slope at 120 mm h-1. MVIF on AS slope increased in the order of 15o < 10o < 20o < 265 
25o at 90 mm h-1 (Fig. 6g), whereas it followed the order of 10o < 15o ≈ 20o at 120 mm 266 
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h-1 (Fig. 6h). The critical slope is 15o at 90 mm h-1. Therefore, in this study, MVIF 267 
showed increasing trend with fluctuations when rainfall intensity increased, and the 268 
critical slope gradient varied with soil properties.   269 
<Fig. 6 is here>  270 
 271 
MVRF on SL slope increased as 20o < 25o < 10o ≈ 15o at 120 mm h-1, with the critical 272 
slopes on SL slope are 20o and 25o at 120 mm h-1 (Fig. 7a). MVRF on LS and HS slopes 273 
did not change much with slope gradient under both rainfall intensities (Fig. 7b, 7c, 7d 274 
and Fig. 7e). MVRF on AS slope followed the order of 15o < 10o ≈ 25o < 20o under 90 275 
mm h-1 and 10o < 15o ≈ 20o under 120 mm h-1, respectively.  276 
 277 
 278 
4. Discussion  279 
4.1 Impacts of soil property on runoff, sealing and roughness 280 
The raindrop detachment ‘washing in’ process may cause surface sealing and affect soil 281 
porosity to change the infiltration and surface roughness when aggregate breakdown 282 
(Vaezi et al., 2017). It is reported that sealing is prone to develop in soils with high silt 283 
content and clay content of 20%-30% (Fang et al., 2014). Thus, the easier development 284 
of sealing may also result in higher MVIF on HS and AS with higher clay content (> 285 
20%). However, the development of knickpoints and rills may destroy sealing and 286 
increase infiltration rate sharply, hence decreasing the MVIF on AS (Fig. 3; Luk and 287 
Merz, 1992; Fang et al., 2014).  288 
Both fI and fR were influenced by soil properties from the north to south of the Loess 289 
Plateau. Random roughness increased with the rising proportion of silts and clays, and 290 
the sealing is extremely thin on soils with high clay content (Bullard et al., 2018). This 291 
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leads to the increasing trend of fI from HS to AS with the increasing content of silt and 292 
clay (Fig. 4). Meanwhile structural sealing is easier to form on soils with small 293 
aggregate than on those soils with larger aggregate (Farres, 1978). The scale patterning 294 
of sealing also impacts the roughness, as suggested by Bullard et al. (2018), rougher 295 
surface on soils with more sand may be due to the smaller pattern scale. The smaller 296 
aggregate size and highest content of sand at the surface with rapid sieving crusts may 297 
result in the highest fI on SL slope (Fig. 4) in the north part of the Loess Plateau, where 298 
the particle composition is dominated by silts as well (more than 50%) comparing with 299 
other soils.  In addition, the changingmicro-morphology of rill bed may alter bed 300 
roughness to further alter rill flow, which is also closely related to soil property 301 
(Gimenez and Govers, 2001). The higher content of organic carbon and clay may 302 
promote rill developments and decrease flow velocities in the south of the Loess Plateau 303 
(Fang et al., 2014). It is assumed that the higher sediment concentration may consume 304 
larger flow energy and result in the intermittent sedimentation in rills (Stefanovic and 305 
Bryan, 2009). This also increases bed roughness to result in the higher fR in rill flow on 306 
AS slope with more rills (Fig. 4).  307 
 The complex functions of runoff discharge, sealing and rill developments resulted in 308 
the order of MVIF and MVRF on four soils. The lowest flow discharge (QT) and the 309 
highest fI resulted in the lowest MVIF on SL from the sand belt in the north part of the 310 
Loess Plateau (Fig. 3). The lowest fI and fR resulted in the highest MVIF and MVRF on 311 
LS slope, although its discharge (QT) is slightly lower than those on HS and AS slopes. 312 
The higher fI and fR resulted in the lower MVIF and MVRF in AS from the heavy soil 313 
belt than those in HS from the middle soil belt (Fig. 3 and Fig. 4).  314 
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4.2 Rainfall impacts changing with soil property at different erosion stages 315 
The changing roughness and surface sealing may be altered with the rainfall duration, 316 
which will further alter the infiltration and hydraulic conditions of runoff flow, and in 317 
turn increase or decrease the impacts of rainfall intensity (Römkens et al., 2001; Shen 318 
et al., 2016; Fu et al., 2017; Lu et al., 2017).  Before the occurrence of knickpoint, the 319 
changing MVIF with rainfall intensity is directly related with the changing fI and QT, 320 
because QT is equal to QI. As shown in Table 3, Both fI and QT decreased with rainfall 321 
intensity, resulting in insignificant decrease of MVIF on SL slopes, and the insignificant 322 
changing of fI with small increasing of QT resulted in the insignificant increase of MVIF 323 
on LS slopes. While, the great increase of QT (HS and AS) with the insignificant 324 
changing of fI (HS) and decrease of fI (AS) resulted in the significant increase of MVIF 325 
on HS and AS, with higher increase rate on AS slopes (Fig. 2).  As part of runoff is 326 
distributed in rills during the erosion stage between the occurrence of knickpoint and 327 
rill (QT > QI), the changing fI and QT is not closely related with the changes of MVIF. 328 
This is why MVIF did not change significantly with rainfall intensity, when QT 329 
significantly increased and fI showed insignificant increase with rainfall intensity (Table 330 
3). For the same reason, the changes of fI and QT after the occurrence of rill are not 331 
closely related with the changing MVIF. fI showed increasing trends on LS and AS, and 332 
a decreasing trend on HS slope with the increase of rainfall intensity, but did not show 333 
significant differences (Table 3). Previous investigation indicated that fI decreased with 334 
increasing Reynolds number (Zhang et al., 2014) and increased with increasing rainfall 335 
intensity (Li, 2009). QT increased significantly with the increase of rainfall intensity on 336 
all soil slopes (Table 3). Thus, it is assumed the different partitioning of QT between 337 
interrill areas (QI) and rills (QR) resulted in the different changes of MVIF on slopes of 338 
SL, LS and AS with the increase of rainfall intensity. Although MVIF showed different 339 
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trends in different stages of erosion processes, MVIF demonstrated increasing trends on 340 
SL, HS and AS slopes and a decreasing trend on LS slope in terms of the whole erosion 341 
process. Normally, the concentrated flow dominates the rill velocity and results in the 342 
unchanged MVRF with rainfall intensity. However, rainfall may enhance the complexity 343 
of the final stage of the rill networks or even cause the junction of some rills (Tian et 344 
al., 2017). Rills on AS slope are most developed due to its higher contents of clay and 345 
organic carbon (Fang et al., 2014). The rainfall intensity could impact the final stage of 346 
rills on AS slope and the changing rills may result in higher MVRF in higher rainfall 347 
intensity on AS slope. 348 
<Table 3 is here> 349 
4.3 Slope effects changing with slope property  350 
In general, the slope effect means the increasing flow velocities in both interrill and rill 351 
flows with the increase of slope gradient, due to the increasing gravity. However, 352 
contradictory results were found due to the complexity of erosion processes (Govers 353 
1992; Nearing et al., 1997). Moreover, the increase of slope gradient may change the 354 
infiltration rate through altering surface storage, effective rainfall intensity, and 355 
overland flow depth in interrill areas, which may alter the interrill flow velocity (Fox et 356 
al., 1997; Liu et al., 2015). It is noticeable that all four soils are susceptible to surface 357 
sealing, so the order of MVIF is the result of both sealing and slope effects (Luk and 358 
Merz, 1992). Sealing process can change fI, QT and the distribution of QT between 359 
interrill (QI) and rills (QR). The changing of slope impacts on four soil slopes may be 360 
due to the differences in ‘sealing’ development on four soils with different content of 361 
clay and silts. As shown in Table 4, fI did not show significant differences on SL slopes, 362 
but showed increasing trend with slope gradient on other soil slopes. The increasing 363 
trend of fI could decrease MVIF with slope gradient to offset the increasing of MVIF by 364 
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gravitational force. QT fluctuated with slope gradients and showed different critical 365 
slopes with changing soil properties (Table 4). Generally, ‘slope’ effects dominated most 366 
slopes and resulted in the general increasing trend of MVIF with increase of slope 367 
gradients (Fig. 6). In critical slopes, the ‘sealing’ effects was dominating and resulted in 368 
the lower MVIF on these slopes (Fig. 6). The critical slope was 20o and 25o on SL slope 369 
and 15o on AS slope, showing a decreasing trend from north to south of the Loess 370 
Plateau (Fig. 6). The decreasing trend of critical slope is closely related with the 371 
increasing trend of sealing process, and the increasing trend of clay and silt content in 372 
soils from north to south of the Loess Plateau.  373 
<Table 4 is here> 374 
fR fluctuated with slope gradient on SL and AS slopes, changed insignificantly with 375 
slope gradient on LS slopes and increased with slope gradient on HS slopes (Table 4). 376 
Abrahams et al. (1996) suggested that slope gradient and soil property may have equal 377 
influences on rill flow velocity. Govers (1992) also indicated that the increasing bed 378 
roughness with slope gradient would increase Darcy–Weisbach friction and decrease 379 
rill flow velocity, which may even result in the independence of rill flow velocity on 380 
slope gradient. In this study, the changing relations of ‘slope effect’ and ‘rill bed 381 
roughness’ may result in the order of MVRF (Fig. 7) with slope gradient (Gimenez and 382 
Govers, 2001). Specifically, slope effect and rill bed roughness may play equal roles on 383 
soils from LS and HS, and result in the relatively constant MVRF with the increase of 384 
slope gradient (Fig. 7b,c,e). Compared with ‘slope’ effect, rill bed roughness may play 385 
the dominant roles on the changing MVRF with slope gradient on SL and AS slopes, 386 
due to the inverse order between MVRF with fR when both fluctuated with the increasing 387 
of slope gradient (Table 4 and Fig. 7a,f,g).   388 
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4.4 Empirical correlations  389 
The empirical correlations of rainfall intensity (I), slope gradient (S), mean weight-390 
diameter (MWD) with MVIF, fI and fR were regressed as follows:    391 
MVIF=e-3.696S0.210I0.260MWD0.188; R=0.643; n=30; P=0.0003                (1)  392 
fI=e-2.914S0.709I-0.086MWD-0.261; R=0.539; n=30; P=0.0093                (2)  393 
fR=e-11.796S1.567I1.451MWD0.259; R=0.638; n=17; P=0.0005               (3)   394 
4.5  The size of soil particles has positive influence on MVIF (equation (1)), 395 
however, no such correlations were found with MVRF. From equations (2) and 396 
(3), it can be deduced that the size of soil particles has negative influence on 397 
Darcy-Weisbach friction in interrill erosion and positive influence on Darcy-398 
Weisbach friction in rill erosion.Conclusions  399 
In this study, flow velocities were compared on four soils from north to south of the 400 
Loess Plateau under different artificial experiments. The results showed that soil 401 
property affected flow velocities in both interrill and rill flows, which were closely 402 
related to the interactions of flow discharge and Darcy–Weisbach friction. The mean 403 
velocity of interrill flow (MVIF was highest in light soil belt and lowest in sand belt. 404 
Similarly, the highest mean velocity of rill flow (MVRF) was in the light and middle 405 
soil belt, and lowest in the heavy soil belt and sand soil belt. Soil property may alter the 406 
increasing trend of MVIF with rainfall intensity, by changing the distribution of flow 407 
discharge between the interrill area and rill area. Soil property may also alter the relation 408 
of MVRF with rainfall intensity, by enhancing the rill networks in soil from heavy soil 409 
belt in the south of the Loess Plateau. Moreover, soil properties may change the slope 410 
effect on the mean flow velocities, resulting in the decrease of MVIF on critical slopes 411 
and the fluctuations ofMVRF with the increase of slope gradient by changing the sealing 412 
progress. These results improved our understanding of soil property impacts on the 413 
mean flow velocities in both interrill and rill flows in the Loess plateau. Furthermore, 414 
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empirical correlations were established for the MVIF and Darcy-Weisbach friction 415 
factor in interrill erosion and rill erosion, which is improved by considering the size of 416 
soil particle. The dynamic partitioning of runoff between interrill and rill area is 417 
important and used to determine the MVIF after the occurrence of rills. Further research 418 
should determine the complex distribution of flows in interrill and rill area, in order to 419 
improve the current erosion modelling.  420 
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